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The thermodynamic driving force for the interac-
ion of Escherichia coli exopolyphosphatase (PPX)
ith polyphosphate was investigated by varying salt

hoice and concentration. This interaction was found
o be cation concentration independent but weakly
ependent on the concentration of certain anions.
oth of these traits are very uncommon for nonspe-
ific protein–polyelectrolyte interactions. Interpreta-
ion of these results based on theory indicated that
inding was not entropy driven due to release of
olyelectrolyte-condensed counterions, as is the case
or nearly all protein–polyelectrolyte interactions.
he thermodynamics of the PPX–polyphosphate inter-
ction showed similarity only to the interaction of
olynucleotides with single stranded binding proteins.
2000 Academic Press

Key Words: anion; cation; equilibrium binding; disso-
iation constant; polyphosphate; PPX.

Escherichia coli exopolyphosphatase is a processive
nzyme that hydrolyzes terminal phosphates from
olyphosphate. The enzyme is composed of two inde-
endent structural domains with the N-terminal do-
ain having weak sequence similarity to the active

ite region of the sugar kinase/actin/hsp70 superfamily
1). An active site was confirmed to exist on the
-terminal domain along with two weak polyphos-
hate binding sites (2). Although only a single poly-
hosphate binding site was identified on the C-termi-
al domain, this site bound polyphosphate as tightly as
ative PPX and this C-terminal domain was required
or the highly processive mode of action of the enzyme
2). The thermodynamic driving force of polyphosphate
inding by PPX has not previously been addressed.

1 This work was supported by grants from the National Science
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rotein–polyelectrolyte interactions, however, has oc-
urred including characterization of proteins interact-
ng with the phosphate backbone of DNA and RNA (3,
). Many of these interactions are electrostatic with
inding driven by entropy from release of polyelectro-
yte bound cations (5, 6). Characterization of these
nteractions has often involved the effect of salt choice
nd concentration on the strength of the protein–
olyelectrolyte interaction.
This report describes the development of an assay for
easuring polyphosphate binding by PPX. The assay
as used to characterize the effect of salt concentration
n polyphosphate binding for various salts. The data
as compared with that of other protein–polyelec-

rolyte interactions and was analyzed using Manning’s
ounterion condensation theory (7, 8) and the protein–
olyelectrolyte theory of Record and Lohman (3, 9) to
ain an understanding of the thermodynamics of
olyphosphate binding by PPX.

ATERIALS AND METHODS

Generation of N- and C-terminal domains of PPX. N- and
-terminal domains of PPX corresponded to limited proteolysis frag-
ents generated using Staphylococcus V8 protease. These domains
ere overexpressed separately and were purified as previously de-

cribed (2).

Inhibition of PPX activity. PPX was stored in 50 mM Tris–Cl (pH
.5), 150 mM KCl, and 1 mM MgCl2. Dialysis of this PPX against a
000-fold volume excess of 50 mM Tris–Cl (pH 7.5), 150 mM KCl, and
mM EDTA was used for removal of the Mg21. To test for recovery

f activity using other divalent cations, this dialyzed PPX was di-
uted 10-fold into reaction mixtures containing specified divalent
ations in the range of 1 to 10 mM. Enzyme activity was measured
sing a standard exopolyphosphatase activity assay involving thin

ayer chromatography to resolve hydrolyzed from unhydrolyzed
32P]-polyphosphate (10).

Phosphate analog AlF4
2 was generated from 50 mM NaF and AlCl3

t the desired Al31 concentration. Phosphate analog VO4
32 was added

o reaction mixtures as Na3VO4. In both cases reaction buffers con-
ained 50 mM Tris–Cl (pH 7.5), 150 mM KCl, and 1 mM MgCl2

upplemented with the appropriate phosphate analog.
Potential terminal phosphate chelator Cr(tacn)(CF3SO3)3 (“Cr-tacn”)
as generated from Cr(tacn)(CO)3 (11) through the intermediate
r(tacn)Cl3 (12). A second potential terminal phosphate chelator
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Cr(tren)Cl2]Cl (13, 14). The PPX-polyphosphate reaction contained
0 mM Tris–Cl (pH 7.5), 150 mM KCl, 1 mM MgCl2, 69 mM poly-
hosphate chains, 7 nM PPX (dimers), and either 138 mM (13) or 690
M (53) chelator.

Immobilization of PPX. PPX was immobilized using N-hydroxy-
uccinimide (NHS) activated acrylic beads (Affiprep 10, Bio-Rad).
he coupling reaction occurred with nucleophilic attack by nitrogen

one pair electrons displacing the NHS group. Lysine is the most
ikely primary amine nucleophile though other residues may also
articipate.
NHS-acrylic beads were washed with 50 volumes of ice-cold 10 mM

odium acetate (pH 4.5) followed by 20 volumes of 50 mM HEPES
pH 7.0) with 175 mM KCl. The gel was resuspended in one-half
olume of this HEPES-KCl buffer. Coupling reactions (1.75 ml) con-
ained 150 ml PPX (approximately 12 mg PPX/ml in 50 mM HEPES
pH 7.0) with 175 mM KCl), 850 ml HEPES-KCl buffer, and 750 ml
esuspended gel. Reactions took place with slow mixing at 4°C for
h. Unreacted gel sites were blocked by the addition of 100 ml of 1 M

thanolamine (pH 8.0) with the reaction continued at 4°C for an
dditional 15 min. The gel was washed with 3 volumes of buffer
ontaining 50 mM HEPES (pH 7.5) and 0.5 M KCl followed by 50
olumes of 10 mM HEPES (pH 7.5) with 175 mM KCl and 0.5 mM
DTA. This final buffer was also used to resuspend the gel (500 ml
uffer per 1.75-ml reaction). Purified N- and C-terminal domains
ere also immobilized with this method.

Immobilized enzyme equilibrium binding assay. Reaction vol-
mes of 10 ml contained 4 ml resuspended, immobilized PPX and 6 ml
f a 10 mM HEPES (pH 7.5), 0.5 mM EDTA buffer. This 6-ml solution
as also supplemented with polyphosphate and the desired salt to
ive an equilibration buffer with the correct final polyphosphate and
alt concentrations assuming 8 ml of final liquid reaction volume and
ml of solid, immobilized enzyme. After a short equilibration period

f approximately 10 s the reaction was mixed with 100 ml of equili-
ration buffer without polyphosphate. This was transferred to an ST
9 cellulose acetate membrane (Schleicher and Schuell, Keene, NH)
n a vacuum filtration apparatus. The gel was then washed with 10
l of equilibration buffer without polyphosphate and PPX bound

olyphosphate was measured by liquid scintillation counting of the
embrane. Levels of polyphosphate retained during filtering were

onstant with rinse volumes greater than 5 ml and remained con-
tant even after rinsing with 50 ml of wash buffer.
Equilibrium association constants (K a) were determined from

catchard plots containing data at a minimum of four polyphosphate
oncentrations. Polyphosphate binding was measured at least twice
or each polyphosphate concentration. Scatchard plots were not lin-
ar but data was split to determine effective association constants at
high” and “low” polyphosphate concentrations using best-fit lines.
s higher polyphosphate concentrations may give rise to nonspecific
inding only the “low” polyphosphate concentration K a values were
etermined. These K a values were determined from the slopes of the
catchard plot best-fit lines using preset y-intercepts. These inter-
epts were determined for each salt by averaging the true best-fit-
ine y-intercepts at each concentration of a given salt.

ESULTS

nhibition of PPX Activity

A method of inhibiting PPX activity was sought to
llow investigation of substrate binding without
olyphosphate hydrolysis.
As many phosphatases require divalent cations for

ctivity, this requirement for PPX, as well as the ac-
ivity of PPX with group IIA series divalent cations,
as measured. As a percentage of maximum activity
237
roup IIA series cations had 100% activity for Mg21,
2% for Ca21, 0.3% for Sr21, and 2% for Ba21. Removal
f divalent cations by dialysis with EDTA caused ac-
ivity to fall to 0.3% of maximum. This removal of
ivalent cations was used during the investigation
olyphosphate binding.
Additional methods of inhibiting activity were also

haracterized. For example, substrate analogs AlF4
2

nd VO4
32, inhibitors of many phosphatases (15), were

ested for their ability to inhibit PPX activity but were
ound to be poor inhibitors. At 1 mM VO4

32 PPX activity
as reduced by less than 5% while 10 mM AlF4

2 re-
uced activity by only 25%.
Also, carboxylic acid-chelating Cr-tacn and Cr-tren

14, 16) were tested for their ability to inhibit PPX
ctivity by chelating the carboxyl-like, terminal phos-
hates of polyphosphate. While Cr-tren was able to
ignificantly lower PPX activity, Cr-tacn was a much
ore effective inhibitor (Table 1). The mechanism of

his inhibition was not probed to confirm chelation of
erminal phosphates rather than carboxyl groups of
PX.

ffects of Salt Concentration on the PPX-
Polyphosphate Interaction

An immobilized enzyme equilibrium binding assay
as used to determine the effect of salt concentration
n polyphosphate binding by PPX for various salts.
The effect of salt concentration on K a for potassium

alts was found to be dependent on the choice of anion
Fig. 1). Values of ­ log K a/­ log[salt] range from 20.15
or KOOCCH3 to 22.8 for KSCN (Table 2). Changing
ations had little effect on ­ log K a/­ log[salt]. For ex-
mple, ­ log K a/­ log[salt] was 20.15 for KOOCCH3

ersus 20.12 for NaOOCCH3 while KCl2 and NH4Cl
oth had a value of 21.1.
The immobilized enzyme binding assay was also

sed to measure the effect of salt concentration on
olyphosphate binding to purified C-terminal domain.
his C-terminal domain and PPX were found to have
ery similar anion choice and salt concentration effects
Fig. 2).

ISCUSSION

This paper reports both the development of a method
or measuring enzyme-polyphosphate binding and the

Inhibition of PPX Activity with Cr-tacn and Cr-tren
Reported as Percent of Uninhibited Activity (Vmax)

Concentration relative
to [polyphosphate] Cr-tren Cr-tacn

13 80% 22%
53 37% 6%
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se of this method in investigating the thermodynam-
cs of the PPX-polyphosphate interaction.

nhibition of PPX Activity

Requirement of divalent cations is a common feature
or proteins in the sugar kinase/actin/hsp70 superfam-
ly. For proteins of this superfamily with known struc-
ures, these divalent cations are found in the active site
nd interact with active-site-bound phosphates (17–
9). Consistently, PPX requires Mg21 for optimal activ-
ty and has only 0.3% residual activity in the absence of
ivalent cations. Removal of divalent cations was cho-
en for investigating equilibrium binding based on con-
enience and as control studies at low temperatures
ndicated their presence had a relatively small effect on
olyphosphate binding. Unfortunately, in the absence
f divalent cations PPX precipitated when mixed with
olyphosphate making it difficult to use standard
olution-phase techniques for measuring equilibrium
inding. To circumvent this precipitation, polyphos-
hate binding was measured as substrate retained by
mmobilized PPX or immobilized domains of PPX.

alt Concentration Effects on Polyphosphate Binding

The effects of salt concentration on protein–poly-
lectrolyte interactions have been investigated for

FIG. 1. Effect of concentration for various potassium salts on the
quilibrium association constant of polyphosphate binding to PPX.
ata points represent KCl (■), KOOCCH3 (E), KF (F), and KSCN (3).

TABLE 2

Effect of Concentration for Various Potassium Salts on the
quilibrium Association Constant of Polyphosphate Binding

o PPX Indicated by Values of ­ log K a/­ log[salt]

­ log K a/­ log[salt]

KCl KF KSCN KOOCCH3

1.1 20.20 22.8 20.15
238
everal decades. This has included extensive charac-
erization of salt-concentration effects on proteins
inding to DNA and RNA (3, 6, 9, 20). These interac-
ions are highly salt concentration dependent and data
lotted as log K a versus log[salt] is linear over a con-
entration range of several hundred mN, with most
lopes in the range of 28 to 220 (3). Binding of E. coli
ac repressor to nonoperator DNA, for example, has a
log K a/­ log[salt] value of 212, while E. coli RNA
olymerase binding to ssDNA exceeds the normal
ange with a ­ log K a/­ log[salt] of 225 (3).
Values of ­ log K a/­ log[salt] for the PPX-polyphos-

hate interaction from 22.8 to only 20.15 are signifi-
antly lower than observed for other protein–poly-
lectrolyte interactions. The insensitivity of the PPX-
olyphosphate interaction to acetate and fluoride salts
uggests the interaction is independent of cation con-
entration while, the KSCN and KCl data show the
nteraction to be only weakly dependent on the concen-
ration of certain anions.

Effects of anion choice on ­ log K a/­ log[salt] are very
ncommon for most protein–polyelectrolyte interac-
ions; however, they are clearly observed for PPX. The
rder of anion effects on 2­ log K a/­ log[salt] is F2 '
H3COO2 , Cl2 , SCN2. This sequence of anions is in
ccordance with the Hofmeister or lyotropic series
hich sorts ions based on the strength of protein-ion
ersus water-ion interactions (21, 22). Anions such as
CN2 have stronger protein-ion interactions while
hose like F2 and acetate have stronger water-ion in-
eractions (3, 22). The accordance of the anion choice
ependence with the Hofmeister series suggests these
nions bind directly to PPX. While these anions could
ind anywhere on the enzyme and have an indirect
ffect on polyphosphate binding sites, it seems more
ikely that the anions compete with polyphosphate for

positively charged region of the protein.

FIG. 2. Effect of KCl and KOOCCH3 concentrations on the equi-
ibrium association constant of polyphosphate binding to PPX or to
urified C-terminal domain. Data points for polyphosphate binding
o PPX are KCl (■), and KOOCCH3 (E), and for binding to purified
-terminal domain are KCl (F), and KOOCCH3 (h).
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Several theoretical approaches have been developed
or protein–polyelectrolyte interactions. One of these
pproaches, developed by Lohman, Record, and co-
orkers (3, 9) has been used extensively for describing

he effect of salt on protein–polyelectrolyte interactions
3, 9). This theory makes use of Manning’s limiting law
ounterion condensation theory (7, 8) which predicts
onovalent ions interact in two ways with polyelectro-

ytes. The first is direct condensation of counterions to
educe the contour charge density of the polyelectro-
yte. The second is a Debye-Hückel screening of the
emaining charge density by co- and counter-ions. Cou-
ombic interaction between protein and charged poly-
lectrolyte residues will change polyelectrolyte charge
ensity near the region of binding and this change will
elease condensed counterions. It is expected that the
ntropy change for this counterion release will depend
n the bulk counterion concentration. While the driv-
ng force for protein–polyelectrolyte binding is not
nown a priori, the magnitude of this entropy change
ecessarily affects equilibrium protein–polyelectrolyte
inding.
This macroscopic protein–polyelectrolyte theory uses

he reaction equilibrium

E 1 S ¢O¡
Ka

ES 1 nmM 1 nxX 1 nwW, [1]

here E and S are free enzyme and substrate, ES is the
nzyme-substrate complex, M and X are cation and
nion, and W is water. The coefficients nm, n x, and nw

epresent the net release of bound cation, anion, and
ater upon formation of the ES complex with K a as the
quilibrium constant. Based on Eq. [1] the dependence
f K a on mean ionic activity, a6, is given by Eq. [2] (3,
, 23).

log Ka

­ log a6
5 2DSnm 1 nx 2

pm

55.6 nwD
1

­ log g E
0 g S

0g ES
0

­ log a6
, [2]

here the D terms represent the net change in bound
ation, anion and water, m is the molal concentration
f electrolyte, p is the aggregate valency of the electro-
yte MX, and the g terms are the activity coefficients
or the reference states of E, S, and ES. From Eq. [2], it
s observed that a number of factors can effect ­ log K a/
log a6 including differential cation binding, differen-

ial anion binding, differential hydration, and changes
n the activity coefficient ratio for E, S, and ES with
hanges in a6.
239
og K a versus log[salt] is linear and insensitive to anion
hoice (3). Therefore, all terms are dropped with the
xception of that for cation release. Over the experi-
ental salt concentration ranges studied, roughly sev-

ral hundred mN, it is also assumed that replacing the
ean ionic activity with salt concentration introduces

ittle error. Equation [2] becomes

­ log Ka

­ log[salt] 5 2D~nm!. [3]

sing condensation theory, the number of charge–
harge interactions (m9) may be estimated with Eq. [3]
nd the extent of condensation (C) as

D~nm! 5 2
­ log Ka

­ log[salt] 5 m9C. [4]

The extent of condensation takes into account both
ondensed counterions and the uncondensed Debye–
ückel-type ion cloud and is 0.88 for DNA and 0.82 for
olyphosphate (7). Experimental support for Eq. [4]
omes largely from divalent metals, oligopeptides (9),
nd polyamines (5, 9, 24) where the theory correctly
redicts the number of charged groups of the polyca-
ion. The standard state of 1 M is used as it is reported
hat this is approximately the concentration of cations
ondensed on polyelectrolytes (8); consequently, there
s little entropy change for release of these cations near
he standard state. Protein–polyelectrolyte binding
ould be driven in theory by Coulombic forces. The fact
hat log K a versus log[salt] plots for many DNA and
NA binding proteins have small y-intercepts, how-
ver, supports the view that entropy gain from releas-
ng condensed cations often drives protein, or macro-
on binding (3). This has also been verified by van’t Hoff
nalysis (5).
Based on Eq. [2] the low slopes observed with most of

he potassium salts for PPX–polyphosphate binding
uggest few anions or cations are released on polyphos-
hate binding. With a strong chaotrope such as KSCN
t appears 3 SCN2 bind to PPX and are then released
n polyphosphate binding. With PPX able to bind a
umber of anions suggesting existence of a positively
harged binding pocket, one would expect a similar
umber of condensed potassium cations to be released
pon PPX binding to polyphosphate; however, this
oes not appear to be the case. Counterion release
ould occur with polyphosphate–PPX binding but go
ndetected due changes in the activity of macroions
ith changes in salt concentration. Effects of counte-

ion release could also be obscured by release of a large
mount of structured water or an uptake of cations by
PX accompanying polyphosphate binding. However,
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ll but KOOCH3 makes it seem unlikely that bound-
ater release or changes in the activity coefficient ratio
re exactly countering a larger release of cations or
nions. Manning’s counterion condensation theory
ay not be adequate for describing polyphosphate-

ondensed counterions or changes in the ionic double
ayer following polyphosphate binding to PPX. Never-
heless, the lack of cation-concentration effects and the
inearity of the data over a large salt concentration
ange suggest that something other than the entropy of
ondensed cation release drives binding.

Anion effects on ­ log K a/­ log[salt] have only been
bserved with two related helix destabilizing, single-
trand binding (SSB) proteins. One is gp32 (25) and the
ther is SSB of E. coli (26). As with PPX, the extent of
nion effects for these proteins follows the Hofmeister
eries. However, for these proteins even salts with the
mallest effect on the DNA-protein interaction gave
elatively large values of ­ log K a/­ log[salt], approxi-
ately 4 with E. coli SSB and 3 with gp32 (25). This

uggests that significant cation release occurs for these
rotein–polyelectrolyte interactions. The polynucleo-
ide–gp32 interaction is more like the PPX–poly-
hosphate interaction, as the concentration of certain
nions seems to have a greater effect on ­ log K a/
log[salt] than the concentration of any cation (25).
hile chloride is the most chaotropic species used in

he gp32 study, even with NaCl it appeared that more
l2 were released from the protein than Na1 from the
NA. This clearly indicated that RNA phosphates

ould not simply replace Cl2 on the protein, as addi-
ional sodium cations would have been released. The
echanism of polyphosphate binding to PPX, like that

f polyelectrolytes binding to gp32 or E. coli SSB, has
ot yet been resolved. However, the mechanisms of
olyelectrolyte binding for these three proteins appear
o be different from those of other protein–poly-
lectrolyte interactions. Molecular models may be re-
uired to accurately describe this novel mechanism.
olecular Poisson–Boltzmann and Monte Carlo mod-

ls have been developed for protein polyelectrolyte in-
eractions, although these have been applied only to
nion choice independent interactions (27, 28).

alt Effects on the Polyphosphate-C-Terminal
Domain Interactions

Interestingly, polyphosphate binding data for the
-terminal domain shows anion choice and salt

oncentration effects similar to those of the PPX–
olyphosphate interaction. This data, along with the
imilarity of K a values for PPX and the C-terminal
omain (2), supports this domain playing a dominant
ole in polyphosphate binding by PPX. Further, size
xclusion chromatography indicates the C-terminal do-
ain is monomeric (data not shown). Although PPX is
240
PX and its C-terminal domain supports the polyphos-
hate interaction being with only one monomer sub-
nit of the enzyme. This would mean PPX dimers have
t least two strong C-terminal polyphosphate binding
ites. This may allow cross-linking and formation of
arge aggregates when inactive PPX interacts with
olyphosphate, consistent with the observed precipita-
ion of inactive PPX when polyphosphate is added. This
ross-linking may not occur with polyphosphate bind-
ng to monomeric C-terminal domain which has only
ne polyphosphate-binding site. In this case, many ad-
itional convenient solution phase methods may be
sed for measuring polyphosphate binding by the
-terminal domain. This would make the C-terminal
omain an attractive alternative to native PPX for
haracterizing polyphosphate binding by PPX.

onclusion

The effects of salt choice and concentration on
olyphosphate binding by PPX are clearly very differ-
nt than those observed for other known protein–
olyelectrolyte interactions. In particular, the cation
oncentration independence of polyphosphate binding
y PPX seems especially unique and suggests poly-
hosphate binding by PPX is not driven by entropy
rom release of polyelectrolyte condensed cations. The
nion dependence of this interaction is also distinctly
ifferent than observed with nearly all DNA and RNA
inding proteins or polypeptides. This anion depen-
ence is similar only to that of gp32 from bacteriophage
4 and SSB of E. coli. These results suggest PPX may
hare a novel binding mechanism with single stranded
inding proteins. Experimental values of enthalpic and
ntropic contributions to binding and a molecular
odel for the PPX–polyphosphate interaction may be

ecessary for describing the thermodynamics of this
nteraction.
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